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APOLLO 10 SPACECRAFT DISPERSION ANALYSIS 

VOLUME I11 - LOI ,  T E I ,  and APS BURN-TO-DEPLETION MANEUVERS 

R .  Leroy McHenry 

SUMMARY 

A spacec ra f t  d i spe r s ion  ana lys i s  i s  presented  f o r  t h e  LOI-1, t h e  
LOI-2, t h e  TEI ,  and t h e  APS burn t o  dep le t ion  maneuvers of Apollo 10  
(Mission F ) .  The ana lys i s  w a s  performed i n  two p a r t s .  The f irst  p a r t  
cons i s t ed  of a t r a j e c t o r y  sequence which modeled t h e  t a r g e t i n g  and 
performance of L O I - 1 ,  LOI-2, and T E I ,  and t h e  second p a r t  w a s  an ind i -  
v i d u a l  d i spe r s ion  a n a l y s i s  o f  the  APS burn t o  dep le t ion  maneuver. 

Analysis  of  t h e  f i r s t  p a r t  showed t h a t  t h e  primary e f f e c t  o f  t r a n s -  
l u n a r  midcourse c o r r e c t i o n  e r r o r s  w a s  t o  inc rease  t h e  requi red  LOI-1  AV. 
The MSFN inaccurac i e s  p r i o r  t o  LOI-2 were t h e  primary cause of t h e  
d i spe r s ions  f o r  LOI-2. The MSFN d i spe r s ions  a t  TEI  update t i m e  caused 
l a r g e  dev ia t ions  i n  TEI i g n i t i o n  t ime.  However, t h e r e  w a s  a n e g l i g i b l e  
i n c r e a s e  i n  t h e  AV requirements f o r  t h e  TEI  maneuver. 

The a n a l y s i s  of t h e  AF'S burn t o  dep le t ion  maneuver showed t h a t  t h e  
AV t a r g e t s  were s u f f i c i e n t l y  biased t o  prevent  t h e  occurrence of  a 
guided cu to f f  p r i o r  t o  APS propel lan t  dep le t ion .  

INTRODUCTION 

c The r e s u l t s  of a d ispers ion  a n a l y s i s  for L e  -1, t h e  LOI-2, t h e  
T E I ,  and t h e  APS burn-to-depletion maneuvers of Apollo 10 (Mission F) 
are presented  i n  t h i s  r e p o r t .  One hundred and t h i r t y  random t r a j e c t o r i e s  
were generated f o r  t h i s  ana lys i s  by use  of a Monte Carlo sampling 
technique.  

Except f o r  t h e  APS burn t o  dep le t ion  maneuver, an es t imated  MSFN 
state vec to r  and t a r g e t  update w a s  s imulated p r i o r  t o  each maneuver. 
Targe t ing  of t h e  maneuvers was modeled as c l o s e l y  as poss ib l e  t o  r e f l e c t  
real-time t a r g e t i n g  procedures.  However, t h e  c a p a b i l i t y  t o  r e t a r g e t  
LOI-1 and LOI-2 t o  any o r b i t a l  plane which passes  w i t h i n  t h e  al lowable 
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range of azimuths over t h e  landing  S t e  w a s  no t  a v a i l a b l e  i n  t h e  computer 
program s imula t ion .  
t a r g e t s  t o  obta in  a s e l e c t e d  s e t  of des i r ed  condi t ions  of t h e  nominal 
t r a j e c t o r y .  This c a p a b i l i t y  a l lows LOI-1  and LOI-2 t o  be t a r g e t e d  such 
t h a t  t h e  r e s u l t a n t  o r b i t s  w i l l  have a s a t i s f a c t o r y  shape,  even though 
they  are not  constrained t o  pass  over t h e  landing  s i t e .  The nominal 
p lane  change was appl ied  t o  each d ispersed  t r a j e c t o r y  a t  LOI-1  s i n c e  
neg lec t  of r e l a t i v e l y  small adjustments t o  t h e  nominal plane change 
has l i t t l e  e f f e c t  on t h e  t o t a l  AV requirement .  

The program does have t h e  c a p a b i l i t y  t o  compute 

The T E I  maneuver w a s  t a r g e t e d  f o r  a s e l e c t e d  set  of nominal con- 
d i t i o n s  at cu to f f .  Even though t h i s  t a r g e t i n g  does not  i n s u r e  t h e  
proper  condi t ions a t  e a r t h  e n t r y  i n t e r f a c e ,  it w a s  f e l t  t h a t  t a r g e t i n g  i n  
t h i s  manner would y i e l d  a good r e p r e s e n t a t i o n  of t h e  t o t a l  AV r equ i r e -  
ment f o r  t h i s  maneuver. 

NOMENCLATURE 

AGS 

A-P S 

AV 

LOI-1  

LOI-2 

MCC-H 

MSFN 

PGNCS 

SP s 

T E I  

l una r  module abor t  guidance system 

luna r  module ascent  propuls ion system 

incremental  change i n  v e l o c i t y  

luna r  o r b i t  i n s e r t i o n  maneuver 

c i r c u l a r i z a t i o n  maneuver 

Mission Control Center-Houston 

Manned Space F l i g h t  Network 

primary guidance and naviga t ion  c o n t r o l  system 

se rv ice  propuls ion system 

t r a n s e a r t h  i n j e c t i o n  maneuver 
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METHODS OF ANALYSIS 

The d i spe r s ion  a n a l y s i s  f o r  t h e  LOI-1, t h e  LOI-2, and t h e  TEI 
maneuvers w a s  performed i n  a t r a j e c t o r y  sequence s o  t h a t  t h e  t a r g e t i n g  
and performance of LOI-1 on any given t r a j e c t o r y  d i r e c t l y  a f f e c t e d  t h e  
performance requirements f o r  LOI-2; s i m i l a r l y ,  t h e  t a r g e t i n g  and per- 
formance of LOI-2 a f f e c t e d  t h e  performance requirements f o r  T E I .  For 
each of t h e  t r a j e c t o r i e s  simulated,  an a c t u a l  s t a t e  v e c t o r  a t  nominal 
LOI-1 i g n i t i o n  t i m e  w a s  constructed by random sampling of a covariance 
ma t r ix  of t h e  expected e r r o r s  at LOI-1 which r e s u l t  from t r a n s l u n a r  
midcourse maneuver e r r o r s .  An MCC-H update w a s  s imulated p r i o r  t o  
LOI-1  i g n i t i o n  as an est imated s t a t e  vec tor  which d i f f e r e d  from t h e  
a c t u a l  s t a t e  vec tor  by random e r r o r s  i n  t h e  b e s t  MSFN es t ima te .  

Target ing of LOI-1 f o r  per icynthion and apocynthion and t h e  nominal 
out-of-plane AV w a s  based on t h e  updated s t a t e  vec to r .  
g e t s  were computed, t h e  maneuver w a s  simulated with a l l  of t h e  s i g n i f i -  
can t  spacecraf t  e r r o r s  appl ied .  

Af te r  t h e  tar- 

The a c t u a l  s t a t e  vec tor  a t  the  t ime of pre-LOI-2 i g n i t i o n  search 
w a s  computed from t h e  a c t u a l  s t a t e  vec to r  a t  LOI-1 cu to f f  t ime by t h e  
l u n a r  a n a l y t i c  ephemeris generator  (LAEG) . The est imated s t a t e  vec to r  
used t o  compute t h e  t a r g e t s  and t o  s imulate  an MCC-H update w a s  
determined by app l i ca t ion  of randomly sampled MSFN s t a t e  v e c t o r  e r r o r s  
t o  t h e  a c t u a l  s t a t e  vec tor .  

The LOI-2 maneuver w a s  t a rge t ed  t o  c i r c u l a r i z e  t h e  spacec ra f t  o r b i t  
at t h e  60-11. m i .  a l t i t u d e  p r i o r  t o  per igee  i f  t h e  i n i t i a l  per icynth ion  
a l t i t u d e  w a s  l e s s  than  60 n.  m i .  For cases  i n  which t h e  i n i t i a l  pe r i -  
cynthion a l t i t u d e  equaled or exceeded 60 n.  m i . ,  t h e  maneuver w a s  tar- 
ge ted  t o  occur a t  per icynth ion .  

Af te r  t h e  LOI-2 maneuver s imulat ion w a s  performed, t h e  a c t u a l  s t a t e  
vec to r  w a s  advanced with t h e  LAEG t o  a f ixed  elapsed t ime p r i o r  t o  t h e  
TEI maneuver. A t  t h i s  po in t ,  an  es t imated s t a t e  vec to r  w a s  cons t ruc ted  
by app l i ca t ion  of random MSFN s t a t e  vec tor  e r r o r s  t o  t h e  a c t u a l  s t a t e  
v e c t o r ,  thereby s imulat ing an MCC-H update.  From t h e  updated s t a t e  
v e c t o r ,  a TEI i g n i t i o n  t ime w a s  computed based on t h e  t ime of passage 
over t h e  longi tude  a t  nominal TEI i g n i t i o n .  Del ta  V t a r g e t s  f o r  t h e  
TEI  maneuver were then computed. The t a r g e t i n g  c r i t e r i a  f o r  t h e  TEI  
maneuver were t h e  nominal ve loc i ty  magnitude, f l i gh t -pa th  angle ,  and 
azimuth a t  cu to f f .  
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A 20-second two-jet  RCS u l l a g e  maneuver w a s  s imulated p r i o r  t o  t h e  
main engine i g n i t i o n  f o r  t h e  T E I  maneuver. A f t e r  75 seconds of t h e  
SPS burn,  crossover from t h e  p rope l l an t  s to rage  t a n k  t o  t h e  sump tank  
w a s  s imulated.  The e f f e c t  of crossover  i s  a s l i g h t l y  h igher  t h r u s t  
and p rope l l an t  f low rat  e .  

The LOI-1,  LOI-2, and TEI  maneuvers were a l l  s imulated under con- 
t r o l  of t h e  PGNCS. For t h e s e  maneuvers, it w a s  assumed t h a t  t h e  PGNCS 
pla t form w a s  a l ined  55 minutes p r i o r  t o  nominal i g n i t i o n  t i m e .  

The d i spe r s ion  a n a l y s i s  f o r  t h e  APS burn t o  dep le t ion  maneuver w a s  
performed sepa ra t e ly  from t h e  d i spe r s ion  a n a l y i s  f o r  t h e  t r a j e c t o r y  
sequence descr ibed previous ly .  No r e t a r g e t i n g  of t h e  maneuver w a s  
s imulated.  The maneuver w a s  s imulated with AGS c o n t r o l .  The las t  
LM PGNCS alinement t ime w a s  assumed t o  be 5.5 hours p r i o r  t o  i g n i t i o n .  
Also,  it w a s  assumed t h a t  t h e  AGS w a s  a l i n e d  t o  t h e  d r i f t e d  PGNCS a t  
1 . 5  hours p r i o r  t o  i g n i t i o n .  

The r e s u l t s  of t h i s  d i spe r s ion  a n a l y s i s  are presented  i n  t a b l e s  I ,  
11, I11 and I V .  The coordinate  systems used f o r  t h e  parameters presented  
i n  t h e  t a b l e s  are def ined  i n  appendix A. 

t h e i r  r e spec t ive  values  t h a t  were modeled i n  t h i s  a n a l y s i s  are presented  
i n  appendix B. 

The e r r o r  sources  and 

ANALYSIS OF RESULTS 

Lunar Orbi t  I n s e r t i o n  Maneuver - LOI-1  

E r ro r s  i n  t h e  t r a n s l u n a r  midcourse c o r r e c t i o n  maneuvers and MSFN 
u n c e r t a i n t i e s  cause a 9-n. m i .  d i spe r s ion  i n  per icynth ion  a l t i t u d e  a t  
LOI-1 i g n i t i o n  t ime as shown i n  t a b l e  I .  I n  f a c t ,  t h e  e f f e c t  of t h e  
e r r o r s  upon t h e  mean i g n i t i o n  t ime caused t h e  maneuver t o  be performed 
10  seconds e a r l i e r  t han  nominal. 

However, t h e  most s i g n i f i c a n t  consequence of t h e  t r a n s l u n a r  mid- 
course co r rec t ion  e r r o r s ,  combined with LOI-1 performance e r r o r s ,  i s  
t h a t  t hey  tend t o  inc rease  t h e  AV r equ i r ed  f o r  t h e  maneuver. The 30 
dev ia t ion  i n  t h e  t o t a l  AV gained w a s  34 f p s  which w a s  caused p r imar i ly  
by t a r g e t i n g  d i spe r s ions .  

The 1 . 2 2  f p s  V r e s i d u a l  w a s  caused by SPS t h r u s t  t a i l o f f  un- 
c e r t a i n t y  . gx 

. 
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Circu la r i za t ion  Maneuver - LOI-2 

P r i o r  t o  t h e  LOI-2 maneuver, t h e  b e s t  estimate of t h e  MSFN t r a c k i n g  
of only one . o r b i t a l  pass  w a s  used t o  update t h e  onboard computer. A s  
might be expected,  t h e  MSFN d i spe r s ions  increased  t h e  AV requirements  
f o r  t h i s  maneuver. Resu l t s  o f  t h e  LOI-2 maneuver ( t a b l e  11) show t h a t .  
t h e  mean of t h e  r equ i r ed  AV w a s  146.84 f p s ,  which i s  approximately 
8 f p s  more than  nominally requi red .  
shows t h a t  t h e  r equ i r ed  AV can be as much as 50 f p s  more than  nominal. 
The s t a t i s t i c s  f o r  t h e  t i m e  of i g n i t i o n  are a l s o  p a r t i a l l y  i n d i c a t i v e  
of t h e  l a r g e  MSFN u n c e r t a i n t i e s  i n  a l t i t u d e  a t  t h i s  p o i n t ,  because 
t i m e  of i g n i t i o n  i s  based on a l t i t u d e .  ' 

The 3a d i spe r s ion  of 42.87 f p s  

The LOI-2 maneuver i s  a r e l a t i v e l y  sho r t  spacec ra f t  burn.  A s  a 
r e s u l t ,  t h e  PGNCS d i g i t a l  au top i lo t  does not  have s u f f i c i e n t  t ime t o  
steer out  all of t h e  t h r u s t  vector  m i s t r i m .  This  e r r o r  causes  cross-  
a x i s  v e l o c i t y  e r r o r s  which can be de t ec t ed  as V and V r e s i d u a l s .  

The 3a V r e s i d u a l s  a r e  7.88 f p s  and 8.42 f p s ,  r e s p e c t i v e l y .  
QY gz 

and V 
QY gz 

Transear th  I n j e c t i o n  Maneuver - TEI  

The d i f f e r e n c e s  i n  t h e  a c t u a l  t r a j e c t o r y  from t h e  nominal t r a j e c -  
tory a t  t h e  TEI update t ime,  when compounded by e r r o r s  i n  t h e  MSFN 
update ,  can cause l a r g e  devia t ions  i n  t h e  TEI  t i m e  of i g n i t i o n .  The 
maneuver can be almost 20 minutes l a t e r  t han  nominally planned ( t a b l e  111). 
However, t h e r e  i s  very l i t t l e  impact upon t h e  AV requirement f o r  t h i s  
maneuver. A l3 .23-fps  3a d ispers ion  e x i s t s  i n  t h e  t o t a l  AV gained f o r  
t h i s  maneuver. Both t a r g e t i n g  and spacec ra f t  sensing e r r o r s  c o n t r i b u t e  
t o  t h i s  d i spe r s ion .  

The V r e s i d u a l  shows t h a t  a 3.05-fps d i s p e r s i o n  can occur .  This  
gx 

d i s p e r s i o n  r e s u l t s  from SPS t h r u s t  t a i l o f f  unce r t a in ty .  

APS Burn t o  Deplet ion Maneuver 

Resul t s  of t h e  d ispers ion  a n a l y s i s  of t h e  APS burn t o  dep le t ion  
maneuver are presented  i n  t a b l e  I V .  The V r e s i d u a l s  show t h a t  t h e  

t a r g e t s  are s u f f i c i e n t l y  biased t o  in su re  p rope l l an t  dep le t ion  p r i o r  
t o  a guided c u t o f f .  . 

g 

The l a r g e  e r r o r s  i n  t h e  v e l o c i t y  parameters are caused p r imar i ly  
by i n i t i a l  misalinement of t h e  AGS a t  i g n i t i o n .  This  i n i t i a l  m i s -  
al inement r e s u l t s  p r imar i ly  from 4 hours of PGNCS d r i f t  p r i o r  t o  a l ine -  
ment of t h e  AGS wi th  t h e  PGNCS. 
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CONCLUSIONS 

Based upon t h e  d i spe r s ion  ana lyses  f o r  t h e  LQI-1,  LOI-2, T E I ,  and 
t h e  APS burn t o  deplet ionmaneuvers ,  t h e  fol lowing conclusions have 
been made. 

1. No major problems were uncovered i n  t h e  d i spe r s ion  a n a l y s i s .  

2 .  MSFN inaccurac ies  i n  t h e  pre-LOI-2 update are t h e  primary 
c o n t r i b u t o r s  t o  t h e  inc rease  i n  AV cos t  for LOI-2. The requi red  AV 
can be as much as 50 f p s  more than  nominal. 

3. Differences i n  t h e  a c t u a l  t r a j e c t o r y  from t h e  nominal t r a j e c -  
t o r y  combined with pre-TEI update e r r o r s  can cause l a r g e  dev ia t ions  
( 2 0  min) i n  t h e  t ime of i g n i t i o n  for T E I .  

4. T E I  can be r e t a r g e t e d  with no s i g n i f i c a n t  i nc rease  i n  AV c o s t .  

5.  The AV t a r g e t s  f o r  t h e  APS burn t o  dep le t ion  maneuver are 
s u f f i c i e n t l y  biased t o  in su re  APS prope l l an t  dep le t ion .  
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APPENDIX A 

COORDINATE SYSTEMS 

c 

I n  t a b l e s  I through 111, t h e  s t a t i s t i c s  f o r  i n e r t i a l  r i g h t  ascen- 
s i o n  of t h e  ascending node and o r b i t a l  i n c l i n a t i o n  are based on an  
i n i t i a l l y  r o t a t i n g  selenographic coorCinate system which w a s  made 

i n e r t i a l  a t  a ground elapsed t i m e  of 76 8 17.55‘, t h a t  i s ,  LOI-1  
i g n i t i o n  t ime.  

h m  

The a c t u a l  v e l o c i t y  gained, AVx, AV and AV presented  i n  Y’ Z ’  
t a b l e s  I through I V  a r e  i n  t h e  l o c a l  v e r t i c a l / l o c a l  h o r i z o n t a l  coordi-  
n a t e  system. 

where ? = p o s i t i o n  vec tor  i n  i n e r t i a l  coord ina tes  a t  i g n i t i o n  t i m e  

= v e l o c i t y  vec to r  i n  i n e r t i a l  coordinates  a t  i g n i t i o n  t i m e  

The AV r e s i d u a l s ,  V V V , a r e  i n  spacec ra f t  con t ro l  a x i s  
gx’ gy’ gz 

coord ina te s .  The X ,  Y ,  and Z r e f e r  t o  t h e  spacec ra f t  axes r o t a t e d  
7’ 1 5 ’  t o  t h e  RCS t h r u s t  axes i n  t h e  spacec ra f t  Y-Z plane .  

. 
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APPENDIX B 

ERROR SOURCE MAGNITUDES (3a DEVIATIONS) 

Source 

P la t form m i  salinement , deg 

S t a t i c  gyro d r i f t s ,  deg/sec 

Input  axis g - sens i t i ve  gyro 
d r i f t ,  deg/sec / f t / sec2  

Spin  re ference  a x i s  g-sens i t ive  
gyro d r i f t  , deg/sec / f t / sec2  

Gyro s c a l e  f a c t o r ,  ppm 

Accelerometer misalinements,  

Accelerometer b i a s e s  , f t / s e c 2  

Accelerometer n o n l i n e a r i t y  

deg 

c o e f f i c i e n t  , s e c 2 / f t  

A t t i t u d e  misalinement , deg 

Thrus t  t a i l o f f  unce r t a in ty ,  

Weight unce r t a in ty  , l b  

Thrust  unce r t a in ty ,  l b  

s e c  

I u n c e r t a i n t y ,  s ec  

Thrust  vec to r  m i s t r i m ,  deg 
SP 

CSM P G N C S ~  

0.033 

0 . 2 5 1 ~ 1 0 - ~  

N/A 

0.018 

0.021 

348.0 

0 . 9 3 9 ~ 1 0 - ~  

LM AGS" 

0 . 0 6 3 ~  

0.168~10-3 

0 . 1 9 3 ~ 1 0 - ~  

N/A 

N/A 

N/A 

0.019 

300.0 

0 . 9 3 9 ~ 1 0 - ~  

0 . 5  

0.12 

218.7 

441.9 

3.57 

1 .00  

0 .5  

0.09 

36.00 

121.2 ( u s )  
0.357 (APS) 
N/A 

a 

bPGNCS i n f l i g h t  alinement e r r o r  t ransmi t ted  t o  t h e  AGS. 

N/A i n d i c a t e s  t h e s e  e r r o r s  were not modeled i n  t h i s  a n a l y s i s .  

C PGNCS d r i f t  ra te  p r i o r  t o  alinement of AGS t o  PGNCS. 


